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There has been a recent renewal of interest in charge-density-wave (CDW) 
phenomena, primarily driven by the emergence of two-dimensional (2D) layered 
CDW materials, such as 1T-TaS2, characterized by very high transition temperatures 
to CDW phases1–16. In the extensively studied classical bulk CDW materials with 
quasi-1D crystal structure, the charge carrier transport exhibits intriguing sliding 
behavior, which reveals itself in the frequency domain as “narrowband” and 
“broadband” noise17–22. Despite the increasing attention on physics of 2D CDWs, 
there have been few reports of CDW sliding, specifically in quasi-2D rare-earth 
tritellurides2 and none on the noise in any of 2D CDW systems. Here we report the 
results of low-frequency noise (LFN) measurements on 1T-TaS2 thin films - 
archetypal 2D CDW systems, as they are driven from the nearly commensurate (NC) 
to incommensurate (IC) CDW phases by voltage and temperature stimuli. We have 
found that noise in 1T-TaS2 devices has two pronounced maxima at the bias voltages, 
which correspond to the onset of CDW sliding and the NC-to-IC phase transition. We 
observed unusual Lorentzian noise features and exceptionally strong noise 
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dependence on electric bias and temperature. We argue that LFN in 2D CDW systems 
has unique physical origin, different from known fundamental noise types. The 
specifics of LFN in 2D CDW materials can be explained by invoking the concept of 
interacting discrete fluctuators in the NC-CDW phase. Noise spectroscopy can serve 
as a useful tool for understanding electronic transport phenomena in 2D CDW 
materials characterized by coexistence of different phases and strong CDW pinning.  
 
Main Text  
 
The CDW phase is a macroscopic quantum state consisting of a periodic modulation of the 
electronic charge density accompanied by a periodic distortion of the atomic lattice17. The 
early work on CDW effects was performed with bulk samples, e.g. TaS3 or NbSe3 crystals, 
which have quasi-one-dimensional (1D) crystal structures of strongly-bound 1D atomic 
chains that are weakly bound together by van-der-Waals forces17–22. One of the most 
interesting phenomena observed in bulk quasi-1D CDW materials is the sliding of CDWs 
when the applied electric field exceeds a threshold value, EDT, sufficient to de-pin the 
CDWs from defects17. CDW sliding leads to nonlinear DC conductivity, “narrowband 
noise”, which has the frequency, f, proportional to the current, I, and “broadband noise”18–
22. 
 
In recent years there has been a rebirth of interest in physics of CDW effects, with the focus 
on different type of materials, such as layered 2D crystals of 1T-TaS2 and 1T-TaSe2, which 
are members of the transition metal dichalcogenide (TMD) family. Unlike classical bulk 
CDW materials, these TMDs exhibit unusually high transition temperatures to different 
CDW symmetry-reducing phases1,5,10–15. The most interesting of these materials, 1T-TaS2, 
undergoes a transition from the normal metallic phase to the IC-CDW phase at 545 K, then 
to the NC-CDW phase at 355 K, and finally to the commensurate (C) CDW phase at 180 
K11–15. The NC-CDW phase consists of commensurate domains separated by regions that 
are incommensurate with the underlying crystal lattice. The transitions among CDW 
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phases in 1T-TaS2 films can be affected by the number of layers as well as the applied 
field11,14. The de-pinning and sliding of CDWs in quasi-2D materials is much less explored 
than in bulk quasi-1D CDW materials. Earlier attempts in finding the sliding effect in 
quasi-2D materials were not successful23. We are aware of just few reports on CDW sliding 
in only one specific material system - quai-2D rare-earth tritellurides2 – and none on either 
“broadband” or “narrowband” noise in any of 2D CDW systems, despite the importance of 
such characteristics for understanding CDW effects. 
 
In this Letter, we report on the low-frequency current fluctuations, i.e. LFN, in an 
archetypal 2D CDW material system, 1T-TaS2, considering both frequency and time-
domain signals. This type of fluctuation, typically with the spectral density S(f)~1/fγ (γ≈1), 
is found in almost all materials and devices24. It is conventionally known as 1/f-noise in 
electronics, and it often is referred to as “broadband” noise in the CDW field to distinguish 
it from “narrowband” noise17–22. Although practical applications can benefit from the 
reduction of LFN, it also can be used as an important metric that reveals information about 
the physical processes in materials. Here we use LFN measurements to unambiguously 
observe the de-pinning and sliding of CDWs in the NC-CDW phase of 1T-TaS2. Our results 
reveal unusual features in the LFN spectra of this quasi-2D CDW system, which are 
strikingly different from those in metals or semiconductors.  
 
The high-quality 1T-TaS2 two-terminal devices were fabricated from thin films, exfoliated 
from single crystals grown by the chemical vapor transport method (see Methods). The 
thickness of the thin films was ~20 nm. The films were capped with h-BN to protect the 
1T-TaS2 channels from degradation14. The contacts were defined by electron beam 
lithography, resulting in devices with lateral dimensions of 1-3 µm by 0.8-1.5 µm. The 
edge contacts were fabricated by depositing metal after plasma etching through the h-BN 
capping layer. Fig. 1a shows DC I-V characteristics of a representative 1T-TaS2 device at 
room temperature (RT). The CDW phase transition from NC to IC states is observed as an 
abrupt jump in the current and accompanying hysteresis, when the voltage exceeds the 
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threshold voltages VH and VL. Whereas the NC-IC CDW transition is visible in the I-V 
curve, the de-pinning and onset of CDWs sliding is not. Only from theoretical 
considerations can one deduce that somewhere before the hysteresis, where I-V becomes 
superliner (e.g. regions I, II or III), the collective current of the sliding CDW starts to 
contribute to the total current17. Even the derivative, dI/dV, does not identify the exact onset 
of sliding (Supplemental Materials). This feature is in striking contrast to the behavior of 
bulk quasi-1D CDW materials, which are characterized by an abrupt transition from the 
single-particle to the collective current17. This difference can be attributed to the fact that 
the quasi-2D NC-CDW phase consists of a mixture of C-CDW islands surrounded by the 
more strongly conducting IC-CDW phase11–14. As a result, the onset of sliding is 
overshadowed by conduction via the IC-CDW continuum.  
 
[Figure 1]  
 
The LFN measurements were conducted under DC bias voltages, Vb, increasing from 30 
mV to 1.09 V, beyond the phase transition voltage (VH = 0.92 V for this device). The DC 
bias points for each noise measurement are indicated by the red circles in Fig. 1a. The 
normalized current-noise-spectral-density, SI/I2, vs. Vb (f=10 Hz), measured at RT, is 
presented in Fig. 1b. One can see two well-resolved local maxima, which were reproducible 
for all studied devices. The first maximum at VDT=0.2V indicates the de-pinning and onset 
of CDW sliding, while the second marks the NC-IC phase transition. The voltage, VDT, 
corresponds to the threshold field of EDT=1.3 kV/cm for this device, a value that is four 
orders-of-magnitude larger than that in typical bulk quasi-1D CDW materials17. 
Considering that EDT~A-1/2 (A is the cross-section area)17, we conclude that the large 
threshold field in quasi-2D materials is likely related to CDW pinning to the top and bottom 
surfaces. Fig. 1b indicates that LFN is an unambiguous metric for CDW sliding in 2D 
CDWs.    
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Fig. 1c-1f show SI/I2 vs. f for four different biasing regions, marked as I, II, III, and IV in 
Fig. 1a. At the small bias, Vb ≤ 150 mV, SI/I2 follows typical 1/f dependence (γ ≈ 1) as seen 
in Fig. 1c. When Vb increases above 150 mV, the noise level increases sharply, and an 
excess noise with γ = 2 appears at the lower frequency range. As Vb increases further, the 
noise spectrum evolves into a Lorentzian shape, SI(f)=So×fc2/(fc2+f2), where fc=(2πτ)-1 is 
the corner frequency, So is the frequency-independent portion of SI(f) observed at f<fc, and 
τ is the characteristic time of the fluctuation process25. In a very narrow bias range from 
130 mV to 180 mV, the LFN level increases by four orders-of-magnitude. This fast growth 
of LFN is a signature of CDW de-pinning18–22. Even more interestingly, fc shifts upwards 
with increasing bias, Vb (see Fig. 1d). As Vb approaches the NC-IC phase transition voltage 
VH, the overall noise magnitude attains its second local maximum. This behavior is 
expected because the domains of the superstructure in the NC phase are experiencing a 
drastic lattice reconstruction and melting into the IC phase. Inside the hysteresis window 
(shown in Fig. 1a), SI(f) keeps almost the same shape with only small magnitude variations 
(Fig. 1e). When Vb drives the transition to the IC-CDW phase, the noise decreases sharply, 
and the spectrum regains the 1/f dependence typical for metals (Fig. 1f). A sharp increase 
of noise near and at the phase transition, known for other materials26,27, can be associated 
with abrupt changes in the resistance and instability of the phase transition. The strong 
dependence of noise on Vb in the regions where there are small changes in I-V is more 
intriguing. Both the noise amplitude and spectrum shape change drastically with a very 
small change in Vb in region II (Fig. 1b-f). The dependence of fc on Vb for the region of the 
sliding CDW (region in II in Fig.1a) is summarized in Fig. 1g. A voltage increase of only 
120 mV results in a four orders-of-magnitude change in fc. This drastic change in fc with 
the bias is highly unusual for conventional materials, where a Lorentzian spectrum is 
associated with the generation-recombination (G-R) noise with fc independent from the 
bias25. Therefore, the nature of the Lorentzian-type spectra in Fig. 1 is different from the 
conventional G-R mechanism.  
 
To elucidate the relative effects of electric field, E, and temperature, T, on CDW sliding in 
2D systems, we performed noise measurement for T ranging from 290 K to 375 K covering 
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the NC-IC phase transition. The experiments were conducted at two bias voltages Vb=30 
mV and Vb=60 mV, with one less than than VDT and another greater than VDT (VDT=50 mV) 
The temperature of the NC-IC phase transition, T=355 K, is the same for these two voltages 
(Fig. 2a). The coincidence of the phase-transition temperatures indicates that Joule heating 
is negligible at these small biases. The color map in Fig. 2b shows the evolution of SI/I2×f, 
with temperature and frequency at fixed Vb= 30 mV. Below 320 K, the noise is of 1/f – 
type and the magnitude of SI/I2×f is small (blue color). At T≈325 K, noise increases sharply, 
accompanied by a Lorentzian bulge with fc=52 Hz (red color). As T increases from 325 K 
to 375 K, fc remains almost constant (black arrow). Fig. 2c shows the temperature 
dependent noise profile at f=10 Hz. The noise level increases by four orders-of-magnitude 
at 325 K followed by a slow increase with increasing temperature towards the NC-IC phase 
transition. Upon entering the metallic-like IC phase, the noise decreases by one order-of-
magnitude and continues to decrease with T. Temperature alone cannot change fc at the 
voltage below VDT. In contrast, evolution of the Lorentzian bulge is completely different 
under the bias exceeding VDT. Fig. 2d shows the color map of SI/I2×f at Vb= 60 mV. The 
corresponding profile is presented in Fig. 2e. From ~840 Hz at 290 K to ~74 kHz at 315 K, 
fc increases quickly with temperature. At temperatures nearing the NC-IC phase transition, 
fc becomes undetectable. Above the NC-IC transition, the noise decreases and returns to 
1/f – type. The evolution of fc with temperature at two biases is summarized in Fig. 2f. Only 
in the case of Vb>VDT does the Lorentzian corner frequency fc changes with temperature. 
We further verified that fc shifting was driven primarily by the electric field, by confirming 
that the Joule heating was negligible in these experiments (Supplemental Materials).  
 
[Figure 2]  
 
The temperature dependence of fc in semiconductors is often exponential, allowing for 
extraction of the activation energy, Ea, of traps responsible for G-R noise25,28,29. Using the 
data for Vb=60 mV in Fig. 2f, which correspond to the sliding-wave regime, one can extract 
Ea≈2.3 eV. This energy is unrealistically high (larger than the bandgap in many 
semiconductors) to be compatible with a conventional G-R mechanism25. The bandgap of 
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the C-CDW domains is about 0.2-0.4 eV1, much smaller than the extracted Ea. Thus, LFN 
in this material system has a unique origin associated with the certain domains in NC-CDW 
phase and their evolution under electric and temperature stimuli. Systems that contain few 
fluctuators demonstrate random telegraph signal (RTS) noise. RTS noise with Lorentzian 
spectrum has been observed in many nanoscale devices 28,29, and it also has been 
encountered in bulk quasi-1D CDW systems18,19. We performed time-domain 
measurements for Vb between 100 mV and 121 mV, where 1T-TaS2 device started to show 
Lorentzian spectra (Fig. 3a). At Vb=100 mV, only “tails” with 1/f2-dependence could be 
recorder because fc was below the measurement range. We found that at these biases, 1T-
TaS2 reveal large levels of the multi-state RTS noise. Figs. 3b-d show the RTS noise at 
different time scales as Vb increases from 100 mV to 121 mV. The occurrence of RTS noise 
indicates that de-pinning takes place in just a few domains. Interestingly, a very small Vb 
increase from 100 mV to 106 mV (Fig. 3b) leads to a significant change in the current 
fluctuations. The amplitude of the pulses increases and the number of levels becomes 
greater than three, meaning that the number of de-pinned domains increases sharply with 
increasing bias. This scenario is drastically different from classical RTS noise in 
semiconductor devices where biasing conditions usually change the pulses duration and 
intervals between pulses but not the amplitude or number of levels28–30.  
 
[Figure 3] 
 
If we consider a shorter time scale, the traces for the same bias, Vb=106 mV, again look 
like two- or three-level RTS (Fig. 3c). This is because, at a short time scale, the rare high-
amplitude events are not captured. A small increase in Vb results in the same changes, 
however. The time traces for further-reduced timescales show a consistent trend (Fig. 3d). 
The bias voltage increases the number of RTS levels, i.e. discrete fluctuators. At Vb=116 
mV and 121 mV, the time traces in this timescale are not standard RTS because there are 
too many levels (Fig. 3d). However, the noise is still non-Gaussian because the time traces 
are highly asymmetric28–30. For Vb= 121 mV, the high amplitude peaks can only be attained 
after a series of pulses with smaller amplitudes. This suggests that Vb changes the number 
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of discrete fluctuators and these fluctuators are not independent. One can associate the 
fluctuators with certain domains in the NC-CDW phase, and then consider the LFN to be 
the result of the random processes of the wave de-pinning from various domains. This 
explains the extremely strong dependence of noise on Vb and T. De-pinning of a domain 
lowers the de-pinning energy of neighboring domains due to their interaction. As a result, 
the overall activation energy decreases with the increasing number of de-pinned islands 
and leads to the observed extremely strong noise dependence on Vb and T. The size of the 
fluctuators can be roughly estimated by writing for the fluctuating domain area, ∆Ω, 
∆Ω/Ω=ΝδΙ/Ι (where Ω is the sample area and N is the number of the atomic planes). 
Assuming that due to the de-pinning event, I, changes by δI, and taking the smallest current 
step δI≈5-10 nA (Fig. 3d), we obtain (∆Ω)1/2~20 nm – 30 nm. This value is several times 
larger than the domain sizes determined by scanning tunneling microscopy13. Therefore, 
the smallest observed current steps correspond to a few domains being de-pinned, 
consistent with the interacting fluctuators picture. 
 
In summary, we demonstrated CDW sliding in an archetypical 2D material via 
measurements of the low-frequency current fluctuations. We found that electronic noise in 
2D CDW systems has unique physical origin associated with evolution and interaction of 
domains in NC-CDW phase. The LFN spectroscopy provides new insights on transport 
phenomena in this mixed phase. Considering that many 2D materials undergo transitions 
to various CDW phases near RT, the obtained results are important not only for 
understanding the CDW physics but also for future device applications of these materials.       
 
METHODS 
1T-TaS2 crystal growth: The source 1T-TaS2 crystals were grown by chemical vapor transport, 
where the 1T polytype was isolated by fast quenching from the crystal growth temperature. 
Elemental tantalum (20.4 mmol, Sigma-Aldrich 99.99% purity) and sulfur (41.1 mmol, J.T. 
Baker >99.9% purity) were ground with mortar/pestle and placed in a 17.8×1.0 cm fused quartz 
ampule (cleaned overnight with nitric acid followed by 24 h anneal at 900 °C). Elemental iodine 
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(J.T. Baker 99.9% purity) was added (~65 mg for a ~14.0 cm3 ampule volume). The ampule was 
evacuated and backfilled three times with argon, with cooling to mitigate I2 sublimation. Next the 
ampule was flame sealed and heated in a two-zone tube furnace at 10 °C min–1 to 975 °C (hot zone) 
and 875 °C (cool zone). These temperatures were held for one week. Then the ampule was removed 
from the hot furnace and immediately quenched in a water–ice–NaCl bath. The structure and phase 
purity were verified by powder X-ray diffraction, and the stoichiometry was confirmed with energy 
dispersive spectroscopy and electron-probe microanalysis (Supplemental Materials). 
Device fabrication: 1T-TaS2 thin films were mechanically exfoliated from the bulk crystals and 
deposited on the Si/SiO2 substrate. To protect the 1T-TaS2 thin film from oxidation in air, we used 
h-BN capping immediately after the exfoliation. A thin film of h-BN was aligned and transferred 
on top of 1T-TaS2 layer by the dry transfer method. To fabricate 1T-TaS2 devices, we used electron 
beam lithography for defining the electrodes. The channel length was in the range of 1-3 µm, and 
the width was in the range of 0.8-1.5 µm. We used reactive ion etching to remove part of the h-BN 
capping layer, and deposit metal for forming edge contacts with the 1T-TaS2 channel. The electrode 
materials were 10 nm Ti and 100 nm Au.  
Electronic noise measurements:  The noise spectra were measured with a dynamic signal analyzer 
(Stanford Research 785) after the signal was amplified by low-noise amplifier (Stanford Research 
560). To minimize the 60 Hz noise and its harmonics, we used a battery biasing circuit to apply 
voltage bias to the devices. The devices were connected with the Lakeshore cryogenic probe station 
TTPX. All I-V characteristics were measured in the cryogenic probe station (Lakeshore TTPX) 
with a semiconductor analyzer (Agilent B1500). The time domain RTS signals were acquired with 
the same equipment. In the noise spectra, we removed the data that corresponds to the noise floor 
of the measurement setup and the 60-Hz electrical grid, if there were any. More details can be found 
in the Supplemental Materials. 
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CAPTIONS  
 
Figure 1: Noise spectroscopy as a tool to monitor CDW phenomena in quasi-2D 1T-TaS2. a, 
I-V characteristics of thin-film 1T-TaS2 device at RT. The inset shows the device schematic. The 
abrupt NC-IC and IC-NC CDW phase transitions are seen at voltages VH (up scan) and VL (down 
scan). The red circles indicated the biasing points for LFN measurements. The biasing conditions 
are divided into four sections I, II, III and IV. The normalized noise spectral densities, SI/I2, are 
shown for these regions in the panels c, d, e and f, respectively. b, Plot of SI/I2 at 10 Hz as a function 
of the bias voltage, Vb. Two pronounced local maxima correspond to the de-pinning and NC-IC 
phase transition. c, SI/I2 for the bias region I. Below Vb=150 mV, the noise is of 1/f – type. Above 
150 mV, the noise spectrum starts to change to 1/f2 – type, which is indicative of the Lorentzian 
“tail”. d, SI/I2 for the bias region II. At Vb=180 mV, the noise spectrum evolves into a Lorentzian 
shape with a corner frequency fc=10 Hz. As Vb increases, fc shits to 80.5 kHz at 300 mV. Above 
Vb=300 mV, fc stops moving to higher frequencies. e, SI/I2 for the bias region III. The noise level 
reaches its maximum at the NC-IC point. e, SI/I2 for the bias region IV. As Vb drives the 1T-TaS2 
into the IC-CDW phase, the noise level reduces and its shape returns to 1/f – type. g, The corner 
frequency fc as function of bias voltage Vb. 
 
Figure 2: Temperature dependent noise in 1T-TaS2 across NC-IC CDW phase transition. a, 
The resistance of 1T-TaS2 device as a function of temperature. The NC-IC phase transition is 
attained at the same T= 355 K for both biases. The inset shows the domain structure of the NC-
CDW phase. b, Color map of the frequency normalized noise spectral density SI/I2×f at Vb=30 mV. 
The evolution of noise from 1/f dependence to Lorentzian at ~320 K is seen as a change of color 
from blue to red. c, The noise level profile at 10 Hz for Vb=30 mV. Upon the appearance of 
Lorentzian noise, SI/I2 increases by four orders-of-magnitude, and continues to increase towards 
the NC-IC transition point. Above 355 K, where the NC-IC transition occurs, the noise level sharply 
decreases. d, Color map of SI/I2×f at Vb=60 mV. e, The noise profile at 10 Hz for Vb=60 mV. The 
noise level decreases with temperature as the Lorentzian moves to higher frequencies. f, Lorentzian 
corner frequency as function of inverse temperature. For Vb=30 mV, fc is in the range of 43 Hz–64 
Hz, and it is independent of temperature. For Vb=60 mV, fc increases with temperature extremely 
fast. The dashed line shows the fitting used to extract the corresponding activation energy.  
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Figure 3: Random telegraph noise and time-domain current fluctuations. a, The noise spectral 
density after onset of sliding at different Vb. The spectra show “tails” of the Lorentzian noise with 
1/f2dependence at Vb=100 mV. The corner frequency increases with increasing Vb. Inset shows that 
at some biasing condition, e.g.  Vb=121 mV, the spectrum can be fitted better with two Lorentzian 
spectra with different fc, in line with the RTS noise model. b, c, d, Time-domain signals at Vb and 
time scales. Numbers 1, 2, and 3 indicate three characteristic levels contributing to RTN. Note that 
a small increase of the bias results in a significant change in the noise. The amplitude of the pulses 
increases and number of fluctuators becomes lager. This is different from classical RTS noise in 
semiconductor devices.  
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